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AN ABSTRACT OF THE TllliSIS OF Michael Ward McNicholas for the Master 
of Arts in Chemistry p~esented August 3~, 1972. 
Title: 	 On The Mechanism of the Diels-Alder Reaction -- Dimerization 
of trans-Phenylbutadiene. 
APPROVED BY MEMBERS OF THE THESIS COMMITTEE: 
The Diels-Alder dimerization of trans-I-substituted butadienes 
is expected to yield a cyclohexene adduct with the substituents in 
the 3 and 4 positions cis to one another. This prediction is based 
on past observations of other Diels-Alder additions. The cis-isomer 
is the only one consistent with a two-stage mechanism proposed by 
Woodward anG Katz. 
In the case of trans-phenylbutadiene, the expected adduct is 
£i!-3-phenyl-4-(trans-styryl)cyclohexene. Alder, Haydn and Vogt, 
. . 
however, 	reported that the corresponding trans-isomer is the dimer­
ization product. There is reason to believe that the observation of 
the trans-isomer may have been the result of product isomeriza­
tion during purification~ In view of the unexpected nature of the 
product and its implications with respect to the Diels-Alder mechanism, 
the dimerization reaction was reinvestigated. 
trans-Phenyl butadiene was heated at 130 0 for six hours. Analysis 
by thin layer chromatography on silica gel impregnated with silver 
nitrate revealed two major components as well as several minor ones. 
The two major components were isolated by column chromatography on 
silica gel impregnated with silver nitrate. They were 'present in 
roughly equal proportions. One of them was purified and found to be 
identical with cis-3-phenyl~4-(trans-styryl)cyclohexene prepared by 
an independent method. The second major component, not yet isolated 
in pure form, is probably the corresponding trans-isomer on the basis 
of IR and NMR spectra as well as the fact that the trans-isomer was 
found by Alder et al. 
An evaluation of the significance of this reaction with respect 
to the Diels-Alder mechanism will have to await positive identification 
of the second component as well as a more careful determination of its 
relative proportion to the cis-isomer. 
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INTRODUCTION 
The reversible thermal addition of a conjugated diene (I) to 
an olefin (II, referred to as the dienophile) to yield a cyclohexene 
adduct (III) was extens.ively investigated by Diels and Alder (1). 
( + < > o 
AdductDiene Dieno.phile 
IIII II 
This reaction -- universally known as the Diels-Alder reaction -- pro­
vided the synthetic organic chemist with one of the simplest known 
routes to. cyclic compounds and proved of such value that it won for 
Diels and Alder the Nobel prize in chemistry in 1950. 
Although ethylene and simple olefins can be used as dienophiles, 
it is found that electron-donating substituents [~.&. N(CH )2' OCR3,3
CR ] in the diene and electron-withdrawing substituents [~.&. CN,3
C0 CR3, CRO, NO] in the dienophile promote the reaction.2
Because of rotation about th~ single bond between the two con­
jugated double bonds of open· chain dienes,' these molecules can occur 
in two conformations. With butadiene and its simple alkyl derivatives, 
the transoid form (IV) usually predominates in the conformer equilib­
rium (2) because of tae steric repulsion between terminal hydrogens in 
the ciscoid form (V). There is strong evidence which suggests that it 
is only the ciscoid conformer that is capable of taking part in the 
2 
Diels-Alder reaction. This 'is shown by the fact that I-substituted 
H H 
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H 
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butadienes can be used almost without exception provided the substi­
tuent R is in the trans-arrangement (VI), while the cis-form (VII) 
generally undergoes a Diels-Alder reaction only with a poor yield (3). 
R H 
H 
R 
H 
H 
H 
VII 
CarboIl-hetero double bonds may also act as dienophiles to give 
rise to heterocyclic adducts (4). Some examples of these are N =C-, 
-N = C-, -N - N-, 0 = N, and -C = 0 compounds. 
The active unsaturated portion of the dienophile, and that of 
the diene, may be i~volved in rings, giving rise to polycyclic adducts. 
·An example of this can be seen in the addition of anthracene to maleic 
anhydride. 
H 
H 

VI 

3 
I 
o 
o 
o 
In some cases, the dienophile is itself a diene. When both the 
diene and the dienophile are the same compound, the addition gives rise 
to dimers. When two substituted dienes react, a mixture of addition 
cts is possible. The dimerization of trans-piperylene gives all 
of the six-membered dimers (VIII, IX, X and XI), and also one 
-membered cyclic dimer (XII) (5). 
CH C~3 CH33 
CH3 
> 
~
3 
H3 
90% 
VIIl · CH 
3-4% 
XI XII 
In general, the vi"ews which have been put forward concerning the 
mecqanism fall into one or the other of two categories. In the one, the 
new a bonds between the reactants are said to be formed simultaneously 
1-2% 

X'· 

4 
in a multicenter mechSnism involving a transition state (XIII) having a 
steric configuration similar to that of the product molecule. This view 
proposes that we are dealing with a one-step reaction, whose energy pro­
file contains only one activation barrier. 
x x X 
y 
>+ 
XIII 

Reaction Coordinate 
In the other proposal, the new cr bonds are said to form in two 
successive reaction steps, where one of.the bonds is formed in the rate 
determining step. The energy profile of the two-step reaction, which 
contains two transition states, includes a biradical intermediate (XIV). 
X XX 
yy 
.+ > 
XIV 
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Reaction Coordinate 
It was recognized very early that the steric arrangement of sub­
stituents both in the diene and in the dienophile is preserved in the 
adduct, and this observation was formulated by Alder and Stein as the 
"cis" principle (6). This is illustrated in the reaction of maleic 
acid with butadiene to yield the cis-isomer XV but not XVI. 
xv XVI 
The "cis" principle applies also to substituents in the diene 
components. In the addition of maleic anhydride to trans,trans-l,4-' 
diphenylbutadiene, the adduct (XVII) has the phenyl groups ~ to each 
other (7). 
\ 
6C6HS 0 0 
~ 
+ 
~ 
0
( 
C6HS 
XVII 
The only known exception to this rule was reported by Hendrickson 
(8). The addition of cis- and trans-~-su1foacry1ic acid (H0 S-CH = 3
CH-C0 H) to cyc10pentadiene leads to the same adduct, in which the2
substituents of the dienophi1e are trans to each other, but according 
to the author it requires ,further corroboration. 
The a'lmos t universal strict adhe;rence to this rule can be readily 
rationalized by the synchronous formation of the bonds between the two 
components in a one-step mechanism, but does not, in principle, rule 
out a tWo-step mechanism. If the formation of the second bond is much 
faster than rotation about bond ab in the intermediate (XVIII), the 
two-step mechanism should also lead to stereospecificity. 
XVIII 
Another interesting feature relating to the stereochemistry of 
the Die1s-A1der reaction is observed whenever two modes of combination 
leading to differen~t configurations of the product are possible•. If 
we assume the reactants come together in a "sandwich-like" preorienta­
7 
tion, the di~nophi1e i~ added in such a way as to give a maximum ac­
cumulation of unsaturated centers in the transition state. An example 
of this is found in the addition of maleic anhydride to cyc10pentadiene 
(10). This addition leads almost e~c1usively to the endo adduct (XIX) 
rather than the ~ compound (XX), which is formed in yields of less 
than 1.5%. 
o 
o 
XIX 

xx 
Similarly, the reactions of cyc10pentadiene with cyc10pentene 
(11) and cyc1opropene (12) give preferential or exclusive formation of 
the ~ adduct. The endo-addition rule is not as hard and fast as 
the cis-rule, however, and many exceptions are known (13, 14). 
In general, substituent effects can be more readily explained by 
a two-step mechanism then a one-step. Where more then one product is 
possible, the observed adduct is usually the one predicted on the basis' 
of. the most stable diradical intermediate. This is exemplified by 
8 
the dimerization of trans-p1perylene. Viewing this as a two-step process, 
the addition would lead initially to the intermediate XXI (the most 
stable diradical), and from there to the observed major product. 
CH3eH CH33 3 
CH3~ 
+ -7 
~ 
XXI 
If the dimerization occurred by simultaneous formation of both 
new bonds of the adduct, there is no apparent reason why the two sub­
stituents of the adduct should be on adjacent carbon atoms. 
Another example is found in the dimerization of acrolein. View­
ing this once again as a two-step process, the addition would lead 
initially to the intermediate XXII; .and from there to the observed 
product XXIII (15). If the reaction went through a symmetrical one-
o 
> 
XXII XXIII 
step process, polar forces in the complex XXIV should favor formation 
of XXV, whereas only XXIII is formed. 
9 
&-~ 
I , 
I , 
l '6;1­
, I~ 
, 0 6­ xxv 
XXIV 
Another effect of substituents that can be'better explained by 
the two-step mechanism is their effect on reaction rates. Conjugative 
substituents in either the diene or dienophile are found to accelerate 
reaction. During the initial bond formation of a two-step process, 
electrons are delocalized away from each of the original unsaturated 
centers, leaving on either side electrons which are less stabilized. 
The presence of any group which stabilizes these partially freed elec­
trons will facilitate the inital bond-forming process. 
On the other hand, a concerted' one-step mechanism could not be 
used to rationalize these substituent effects. For, if two electrons 
from each partner must be simultaneouslydelocalized to participate in 
two simultaneous bond-forming processes, groups capable of conjugation 
would make the reaction much more difficult, due to the demands they 
would make upon these electrons. 
In explaining substituent effects in terms of a two-step mechanism, 
it must also be recognized that these explanations apply equally well 
'to an unsymmetrical one-step process. 
In an attempt to incorporate the diverse characteristics of the 
,one- and two-step mechanisms, Woodward and Katz put forth a proposal 
based upon their work with a- and ~-l-hydroxydicyclopentadiene (16). 
10 
In this work they found that'a-1-hydroxydicyc10pentadiene XXVI, when 
heated at 140°, yields as equilibrium mixture of XXVI and ~-8-hydroxy­
dicyc10pentadiene (XXVII) with an equilibrium constant of approximately 
1. When either alcohol was heated at 140° it was converted into the
.' 
> 
XXVII 
XXVI 
~ame equilibrium mixture of XXVI and XXVII. It was also observed that 
complete stereochemical integrity was maintained, with only syn-8­
. pydroxydicyc10pentadiene and no ~-8-hydroxydicyc10pentadiene (XXIX) 
being formed. Similarly; ~-1-hydroxydicyc10pentadiene (XXVIII) was con­
verted to anti-8-hydroxydicyc10pent~diene (XXIX) when it was heated at 
140°, with the equilibrium lying strongly in favor of XXIX. Once again, 
H 
XXVIII . 
> 

XXIX 

stereochemical integrity was maintained with only anti-8-hydroxydicyc10­
pent~diene and no syn-8-hydroxydicyclopentadiene being formed. The 
bbse~ved stereochemical specificity showed that this reaction did not 
6 
· 11 
involve dissbciation into the fragments cyclopentadiene and cyclopenta­
dienol, but was intramolecular. To account for these results, Woodward 
and Katz proposed that only the bond between C-3a and C-4 was broken and 
a new bond between C-2 and C-6 was formed while the bond between C-7 and 
C-7a remained intact. 
8 8 
3> 6 
OR XXVII 
The intramolecular rearrangement observed by Woodward and Katz 
is a special case of the Cope rearrangement (17), where a six-atom unit 
~ XXX) with double bonds at the end groups undergoes thermal re­
arrangement to XXXI, but it possesses an additional significance in 
QC!-R > 
RR 
xxx XXXI 
that the compound undergoing isomerization is a Diels-Alder adduct, 
which usually cleaves into two addends. 
Woodward and Katz presumed that in the dissociation of XXV! to 
two addend molecules, the cleavage of the bond between C-3a and C-4·took 
place relatively readily. At a higher energy, the second bond (between 
OR 
XXVI 
12 
C-7 and C-7a) ruptured to yield the products. They then proposed that 
all reverse Diels-Alder,reactions proceeded in a similar manner and, on 
the basis of the principle of microscopic reversibility, assumed that 
forward Diels-Alder reactions in general must proceed through a two-
stage mechanism wher'e one of the new bonds is fully established while 
the other is in the process of formation. The diene and the dienophile 
approach one another'in parallel planes, perpendicular to the direction 
of the bond about to be formed; ih the rate-determining step, only one 
bond, i.~. that between ~ and ,h., is formed (sf , XXXIIb); "thus as 
electrons at £, ~, and ~ are progressively freed of their involvement 
~th their former partners at ~ and ,h., attractive electrostatic, elec­
trodynamic, and even to some extent exchange forces" between the centers 
at ~, ~, and £ are assumed to be responsible for th~ observed cis addi­
tion because they should prevent rotation about C-C single bonds. At 
~e ~I "'''e 
b b 
Ib:_=-'\.\ c1-" 
a~ 
> 
~ , 
> b~i ,>~ d .,# d 
XXXIIa XXXIIb XXXIIc 
this point it should be mentioned that the Woodward-Katz rearrangement 
appears to be confined to adducts in which both components possess 
diene.character. The conversion of 8-ketodicyclopentadiene to the cor­
responding l-ketodicyclopentadiene (18) is another example of this 
rearrangement. Yet another example is found in the thermal rearrangement 
of optically active methacrolein dimer (XXXIII), labeled with deu­
teriu~ at the aldehyde hydrogen, to yield XXXIV with retention of 
optical activity (19). 
13 
.' 
XXXIII XXXIV 
The dimer (XXXIII) a~so undergoes the reverse Diels-Alder reaction 
at slightly higher activation energy than the Cope rearrangement. 
The proposal of Woodward and Katz does account for the diverse 
characteristics of the one- and two-s.t~pmechanisms. It encompasses 
within it the requirements for stereochemical rigidity (cis addition) 
in the transition state while allowing the same substituent effects 
which would be predicted·using the two-step mechanism. 
Accor~ing to this proposal, secondary attractive forces account 
for the principle of maximum accumulation of unsaturated centers. The 
predicted transition state for the dimerization of trans-l- substituted 
butadienes should have structure XXXV leading to the cis-isomer XXXVI. 
(Note that the initial configuration of the product has the potential 
R 
> 
R 
XXXVIXXXV 
fo~ undergoing the degenerate Cope rearrangement.) 
The trans-isomer (XXXVIII) would arise through the alternative 
14 
transition state XXXVII. 
> 
R 
XXXVII XXXVIII 
The previously mentioned work of Nazarov, et.a1. (5) with trans­
piperylene fits reasonably well into Woodward and Katz's scheme. It 
was found that 90% of the total quantity of the dimers existed in the 
form VIlla and VIIlb, with the cis isomer (VIlla) predominating by a 
CH 
:~
• 
CH~ 3 
H 
88% 12% 
. VIIIa VIIlb 
ratio of 7: 1. 
With these facts in mind, the dimerization of trans-phenylbutadiene 
to yield the trans-isomer (XXXIX), ~eported by Alder, Haydn and Vogt 
(20), is very surprising. It is in direct contrast to the proposal of 
C H:; 
6~ 
~ 
I 
,C6HS 
H 
XXXIX 
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Woodward and Katz and it contradicts the principle of maximum accumula­
tion of unsaturated centers. There is, however, reason to doubt the 
validity of Alder's results. After running the reaction at a tempera­
ture of 150°, the distillation of the oily dimerization products was 
carried out at temperatures ranging as high as 230°. At temperatures 
that high, there is a possibility of thermal isomerization resulting in 
products which might not be the same as the kinetically controlled 
products. It is conceivable that the isomer isolated by Alder and his 
colleagues was not the kinetically controlled product. It was the 
purpose of this research to repeat the work of Alder, Hayden and Vogt 
at considerably lower temperatures to avoid, as much as possible, the 
occurrence of thermal isomeri'zation of the product. 
~t was found, in fact, as is described in detail in the next 
section, thatttans~henylbutadiene dimerizes to yield .two main compo­
nents in roughly comparable amounts, one of which was isolated in pure 
form and characterized as cis-3-phenyl-4{trans-styryl)cyclohexene. 
Evidence points .to the suggestion that the second major component is 
the trans-isomer, although it has not yet been isolated in pure form. 
RESULTS AND DISCUSSION 
trans-Phenylbutadiene was prepared according to the method of 
Grummitt and Becker (21). Pure trans-phenylbutadiene, ~ 99.5% (by vpc), 
Jt QMgBr 
C lL-C = y-¢-CH6-"5 , H R 3 
\I 9MgBr 
2 C H -C = y-y-CH + R_SO ') 2 C H -~ = y- CH = CH_6 5 H H 3 -~ 4 6 5 H --2 
was obtained after two fractional distillations, b.p. 36-410 (0.2-0.3 mm). 
The purity was ascertained by gas chromatographic analysis on an 8 ft. x 
1/8 in. column of diethyleneglycol succinate (Lac 728) polyesters oper~ 
ated at 1250 and on an 8 ft. x 1/8 in., 5% XE-60 (cyanosilicone) column 
-operated at l25~. Durkin (22) was able to separate the cis- and trans-
isomers on the column of diethyleneglycol succinate (Lac 718). 
The trans-phenylbutadiene was heated with a trace of hydroquinone 
for six hours at 130°. It was then fractionally distilled (0.08 mm) 
with the temperature never exceeding 160°. The temperatures were inten­
tionally kept low, in contrast to the procedures of Alder and colleagues 
(20) where the dimerization was run at 1500 and the distillation at 
227-2300 (16 mm), to avoid as much as possible the occurrence of thermal 
isomerization of the 'product. Two main fractions were obtained; .frac­
tion 1, 14.1 g., b.p. 147-158° (0.08 mm) and fraction 2, 27 g, b.p. 158­
17 
1600 (0.08 mm) for a total yield of 85%. As will be discussed below, 
both fractions were actually mixtures with two major components although 
analysis by vpc showed only one main peak whose area was 98% of the 
total peak areas. A small portion of fraction 1 was dissolved in methanol 
and crystallized by cooling in dry ice. The dry ice was allowed to ev~p-
orate slowly overnight and some solid remained at room temperature. 
The solid was used to seed both fractions and they were stored in a 
refrigerator. This method proved successful in solidifying almost 
all of fraction 2 and a large percentage of fraction 1. When brought 
to room temperature, both fractions slowly remelted. 
Fraction 2 was filtered with vacuum suction through a sintered 
glass funnel at 0° to separate a solid (mp 34-38°) from the oil. This 
solid was recrystallized 3 times from methanol to yield a compound 
(Isomer A) having mp 42:8-43.0°. Attempts to repeat the above proce­
dure with fraction 1 proved unsucc~ssful. The solid remaining after 
filtration at 0° became an oil at room temperature. Efforts to remove 
impurities by dissolving the oil in methanol and crystallizing isomer 
A from solution also proved ineffective. 
The NMR spectrum of isomer A (Fig. 1) was consistent with the 
structure XL (no stereochemistry implied). Assignments are summarized 
below where combined relative areas are given for overlapping peaks. 
Chemical Shift Relative Assignment 
6 ppm Areas 
7.1 10.6 aromatic protons 
6~ protons at C-7 and C-8 4.0 
5.7 protons at C-l and -~2 
3.1 1.0 proton at C-3 
18 
Chemical Shift Relative Assignment 
5 ppm Areas 
2~ 5.3 protons at C-6 and C-4 l~ protons at C-5 
The IR spectrum of isomer A (Fig. 2) had characteristic absorp­
ltions at 962 (trans CH=CH), 690 (cis CH=CH) and 1595 cm- (phenyl). 
The ultraviolet spectrum had A max 252 m~ (Hepta~e,"s 19,200), 
indicative of a trans-styryl group (23). 
H 
H 
XL 
To determine which of the two isomers had been isolated (i.e., 
cis- or trans-3-phenyl-4-(trans-styryl)cyclohexene), the cis-isomer 
was synthesized by an independent method. This was accomplished by 
first making cis-3-phenyl-4-formylcyclohexene (XLI) from trans-phenyl­
butadiene and acrolein (24). * This was "followed by a modified Wittig (24) 
reaction using triethylphosphite and benzyl chloride. The solid obtained 
* Alder assigned" the cis stereochemistry to this aldehyde on 
the basis of oxidation to the carboxylic acid with silver oxide followed 
by reduction to the cyclohexane derivative of known stereochemistry. 
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Figure. 1. NMR spectrum (CC1 ) of cis-3-phenyl-4-(trans-styryl)cyclohexene. (Isomer A). 4
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Figure 2. IR sp~ctrum (CCl4 , 35 rug/ml) of cis-3-phenyl-4-(tratls"-styryl)cyclohexene o (Isomer A). 
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':6H5 
H 
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+ (C2H50)2-°P - CH-C6H5 
XLI XLII 
was recrystallized several times from methanol to yield a compound 
~XLII, mp 41.2-42.2°) whose NMR and IR spectra corresponded to those 
of isomer A. A mixture of the two sol.ids had mp 42.0-42.9°. On this 
basis, isomer A was assigned the structure of cis-3-phenyl-4-(trans­
styry1)cyc1ohexene (XLII), where the trans-styry1 configuration was 
'established by I'R and UV, as mentioned previously. This aspect of 
the product's stereochemistry was not reported by Alder. 
A sample of the trans-pheny1buta~iene was dimerized again under 
the same conditions as before. However, this time it was not distilled 
, 
in order to avoid possible product isomerization at distillation 
temperatures. A portion of this crude reaction mixture was analyzed 
by Waters Associates, using one of their commercial liquid chromato­
graphs. Their analysis indicated one major component with about se~en 
minor ones (Fig: 3a and 3b). This was followed by analysis with ·thin­
l~yer chromatography using 10% silver nitrate impregnated silica gel 
22. 
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Figure 3ao 	 Ll:quid chromatogram of crude trans-phenylbutadiene dimeriza-,' 
tion mixture. Column: 2 ft. x 2.3 rom ID Corasil II (spheri­
cal particles consisting of a solid glass core with ,a double 
layer of porous silica). Sample load, 8~ g. RI refers 
to refractive index monitor. UV refers to ultraviolet 
monitor. 
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Figure 3b. 	 Liquid chromatogram of crud~ trans-phenylbutadiene dimer­
1zation mixture. Column: 2 ft. x 2.3 rom ID Corasil II 
(spherical particles consisting of a solid glass core 
with a double layer of porous silica). Sample load, 
100 ~g. RI refers to refractive index monitor. UV 
refers to ultraviolet monitor. 





























